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INTRODUCTION 

A great deal of interest in the thermal radia- 
tion properties of solids has been generated in the 
last few years by the rapid growth of our space pro- 
gram. For example, the normal solar absorptance and 
total hemispherical emittance of materials suitable 
for spacecraft are of particular importance because 
these parameters govern the thermal balance of the 
spacecraft and consequently the equilibrium tempera- 
ture of the vehicle. In addition, since solar cell 
power supplies have been used successfully and prob- 
ably will be used extensively for years to come, 
their optical properties and associated operating 
temperatures are desired so that a cell's electrical 
behavior can be predicted for a variety of environ- 
mental conditions. Because of the lack of theoreti- 
cal methods to predict solar absorptance and hemi- 
spherical emittance over a wide temperature range, 

* it is necessary, especially for composites, to rely 
upon experimental methods to meet the needs of 
present-day space technology. This paper describes 
the NASA Lewis program (which employs a new tech- 
nique for measuring these properties) and presents 
the experimental results obtained for various metals 
as well as a CdS solar cell at temperatures ranging 
from 155° K to 520° K. 

SYMBOLS 

A amplitude of temperature perturbation during 
cyclic period, °K 

Cp specific heat, joules/(gm) (°K) 


I Q radiant intensity, joules/(cm 2 ) (sec) 

I*L radiant intensity at one astronomical unit, 
joules /cm 2 sec 

i Q intensity amplitude at mean temperature during 
cyclic equilibrium, joules/(cm 2 ) (sec) 

k intensity perturbation factor 

m test sample mass per unit area, gms/cm 2 

q all heat exchange terms other than those speci- 
fied by the remaining terms in equation one, 
joules/(cnr ) (sec) 

r distance from sun, AU 

T test sample temperature, °K 

T time rate of temperature change, °K/sec 

T ffl mean cyclic temperature of sample, °K 

t time, seconds 

a solar absorptance of front surface 

hemispherical emittance of back surface of 

sample 

hemispherical emittance of front surface of 
sample 

O' time constant of material, seconds 

a Stefan-Boltzmann constant, 

j oules/( cm 2 ) ( sec ) ( °K 4 ) 

<p phase angle between sample temperature and 
cyclic incident radiation, radians 

co cyclic frequency, rad/sec 

THEORETICAL BACKGROUND 

The method used herein to determine optical 
properties is described in detail in reference 1. 

The physical model consists of a thin sample sus- 
pended in an ultra high vacuum, cold-wall environ- 
ment. A radiant intensity, I Q , is imposed normal to 
one surface of the sample to establish its equilib- 
rium temperature, T^. The intensity is then per- 
turbed sinusoidally with amplitude kl (where 
k < 1.0) and frequency o>. 0 

The differential equation describing the tem- 
perature of an isothermal sample is, from reference 1 

mCpT = aI Q (l + k sin aot) + q - (e f + (l) 

where e f and are the front and back surface 

emittance, respectively and q contains all heat ex- 
change terms other than those specified by the re- 
maining terms in equation 1. 
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Within the very small temperature range result- 
ing from the intensity perturbation, the material 
properties (c p , a, and e) and the heat exchange 
term q are considered independent of temperature. 
In addition, under these conditions the T^ term 
can be linearized about as T^ = 4Tj^T - 3T^. 

With these assumptions, the solution of equation (l) 
is given by 

T = T^ + Ajsin(<nt - <p) + e^/^'sin qpj (2) 

The phase angle, <p, and temperature amplitude, 
A, are related to the test sample properties by 

cp = tan _1 oo0 1 (3) 

and 



where 0’, the time constant of the material, is 
given by 


0 ' 


4(e. 


f + e b 


JaT 3 

m 


— tan cp 


(5) 


At. cyclic equilibrium (i.e., when e"^/^ ? sin cp 
becomes negligible) the temperature response is si- 
nusoidal around T^ with amplitude. A, and phase 
angle, cp. Therefore, by measuring the phase angle 
Cp, the frequency cd, the temperature amplitude A 
and the intensity perturbation amplitude kl 0 , both 
emittance and solar absorptance can be determined 
from equations (4) and (5) provided the specific 
heat variation with temperature is known for the 
test sample. 


APPARATUS AND PROCEDURE 


Environmental Facility 

The application of the theory described in the 
previous section requires a high vacuum, cold-wall 
facility to eliminate residual gas conduction and to 
achieve low sample temperatures. Figure 1 is a 
schematic drawing of the high vacuum facility and 
the experimental arrangement used. The facility is 
the Solar Space Environment Simulator Facility de- 
veloped in 1960 at the Lewis Research Center and 
modified in 1966. The original oil diffusion and 
mechanical pumps have been replaced by liquid nitro- 
gen cryosorption pumps to eliminate oil back- 
streaming and possible contamination of the test 
surfaces. The facility is initially pumped to 10“ 4 
torr by the liquid nitrogen cryosorption pumps. The 
annular wall of the test section and baffles are 
then filled with liquid helium to cryopump the 
chamber below 10“ 10 torr and also provide a 4 °K ra- 
diation background. The four liquid helium cooled 
baffles within the test section reduce stray radia- 
tion and permit the imposed collimated radiation to 
reach the model. 


Samples and Mount 

The metal samples are 1 cm wide by 2 cm long 
and are approximately 0.00254 cm ( 0.001 in.) thick. 
The samples are suspended in the test plane by four 
0.00254 cm ( 0.001 in.) wires which are spot welded 


at each of the four corners of the sample. Two of 
the four wires are a matched-pair Chromel-constantan 
thermocouple and the other two wires are either 
Chromel or const ant an. In all cases small diameter 
wires are used for the sample supports and thermo- 
couple to minimize their effect on the thermal re- 
sponse of the sample. 

The pure metal samples are high purity (99.99$ + ) 
and the surfaces were used in the "as received" con- 
dition. All metal samples were cleaned in alcohol, 
the thermocouple and support wires welded in place 
and the sample cleaned again in alcohol. After the 
final cleaning, the samples were not handled and the 
exposure to atmospheric conditions was limited to 
the period required to install the samples in the 
environmental simulator. 

The solar cell used in this investigation is a 
current state-of-the-art thin-film cadmium sulfide 
cell having a total area of 54.75 cn£. The lami- 
nated composition and fabrication of a typical thin 
film CdS solar cell of this type is discussed in de- 
tail in reference 2. Mounting of the solar cell was 
accomplished by suspending it in the environmental 
facility from four 26 -gage copper wires fastened to 
the solar cell by an epoxy adhesive. The cell tem- 
perature was measured with a 36 -gage copper -constant 
thermocouple epoxied to the rear -center of the cell. 

Solar Simulator 


The solar simulator consists of a 12 kw carbon 
arc with associated collimating optics (fig. l) . 

The simulator output is a collimated beam with a 
maximum intensity of 250 mW/cm 2 . Intensity can be 
continuously varied by the moveable zoom lens up to 
plus or minus ten percent of a given setting. Low 
intensity levels are obtained with the 12 KW arc by 
using apertures and/or fine wire mesh screens that 
act as neutral density filters (ref. 3). In addi- 
tion a 1 KW, quartz -iodine tungsten filament lamp 
can be substituted for the 12 KW arc to provide 
stable, low intensity radiation suitable for mate- 
rial time constant and emittance determinations. 

Sinusoidal intensity perturbations are provided 
by automatic control of the movable zoom lens. The 
control system is composed of a calibrated silicon 
solar cell which is coupled with a reference sine 
generator into a differential amplifier that actu- 
ates a balancing motor to maintain the proper posi- 
tion of the zoom lens. The reference sine signal 
can be varied to produce both the desired amplitude 
and the cyclic frequency of the sinusoidal perturba- 
tion. 

Solar Simulator Spectral Distribution 

The spectral energy distribution of the solar 
simulator was measured with a Perkin-Elmer Model 99 
spectrometer that had been calibrated by a transfer 
method over a wavelength range of 0.25 to 2.5 p. 

That is, the spectrometer entrance slit was illumi- 
nated by a spectrally calibrated 1000-watt, quartz- 
iodine tungsten filament lamp whose calibration was 
traceable to an KBS standard of spectral irradiance. 
The spectral distribution of the 12 KW carbon arc 
solar simulator, obtained experimentally, is com- 
pared in figure 2 with the Johnson curve (ref. 4). 
This comparison is based upon making the radiant 
energy available from the carbon arc spectrum equal 
to that available from the Johnson spectrum over the 
wavelength interval 0.35 p to 2.5 p. Agreement of 
the carbon arc curve with the Johnson curve is good 


2 


over the wavelength region of interest, 0.35 \x to 

2 . 0 |i . 

Measurements and Accuracy 


relative error in absorptance is given by 

S(a) = 5(A) + 5( ^ kI o) + / 1 \&(tan <p) 

a A kI o \tan 2 (p + l) tan <P 


Data were recorded on a multi-channel strip 
chart recorder and an X-Y recorder. The strip chart 
recorder monitors the radiant intensity and solar 
cell thermocouple to insure the constancy of the 
absolute intensity level and cyclic frequency. The 
X-Y recorder is the primary data recording instru- 
ment. At cyclic equilibrium, a typical X-Y recorder 
trace over one cycle provides an elliptical 
Lissajous figure such as that shown in figure 3. 

The reference sinusoidal intensity signal (or the 
calibrated solar cell signal) is recorded on the x- 
axis and the test sample temperature on the y-axis. 
The actual data trace is large with sufficient reso- 
lution to insure accurate measurements of the mean 
sample temperature T m , the amplitude of the temper- 
ature oscillation A, the initial intensity level 
I Q , the amplitude of the intensity perturbation kl 0 , 
and the intensity amplitude at the mean sample tem- 
perature i 0 . From geometrical consideration of 
figure 3 (ref. 5), the phase angle between the sam- 
ple temperature and radiant intensity at cyclic 
equilibrium is given by 



The emittance as determined from equation (5) 
is 


( e f + %) = 


4T i tan <p 


The relative error in the emittance determina- 
tion (e.g., ref. 6), neglecting errors in the cyclic 
frequency and material heat capacity, is 


6(e, 


+ ®b) 


€ f + 6 b 


3 23s + 8 (tan <p) 
V tan «P 


(7) 


For temperatures greater than 250° K the tem- 
perature measurement errors are small and the pre- 
dominating error is due to the inaccuracies in the 
measurement of the phase angle (or rather tan cp) . 
The relative error in the measurement of tan qp 
(eq. (6)) is 


ste -g ) = (1 + + 

tan cp kl 0 i Q 


( 8 ) 


For values of tan cp > 1.0 the error increases 
rapidly with increasing values of the phase angle. 
Generally the phase angle is limited to less than 
seventy degrees in order to obtain accurate emit- 
tance data. However, the phase angle must be main- 
tained greater than forty degrees otherwise the 
Lissajous figures become slender and the intensity 
amplitude measurement errors become predominant. 

The absorptance as determined from equation (4) 
is 



In addition to the phase angle measurement, the 
temperature amplitude measurement is required. The 


The critical considerations are primarily the 
errors involved in the temperature and intensity am- 
plitude measurements. The error due to tan cp mea- 
surements is not as important for absorptance deter- 
minations as it is in emittance determinations. In 
fact, the larger the value ox tan cp> the less effect 
it has on the absorptance. 

Accuracy of the experimental data for optical 
properties was estimated from the uncertainties aris- 
ing from the individual basic measurements. The rel- 
ative error of the absorptance -emittance ratio was 
determined from these uncertainties and calculated 
to be approximately ±5 percent. 

RESULTS AND DISCUSSION 


Metal Optical Properties 

The optical properties (e, a, a/e) of 304 stain- 
less steel, aluminum, platinum, nickel and molyb- 
denum were obtained. These data are shown in fig- 
ure 4 for temperatures ranging from approximately 
230° K to 520° K. It should be noted that, for the 
metals, the front and back surface emittances are 
considered equal (see eqs. (l) and (5)). In general, 
the hemispherical emittance of each metal increases 
with increasing temperature, the solar absorptance 
is approximately constant and the absorptance - 
emittance ratio decreases with increasing tempera- 
ture. The absorptance -emittance ratio decrease with 
temperature is thus primarily due to the emittance 
increase. 

Our research effort to determine the optical 
properties of metals is a continuing effort. After 
determining the optical properties of various 
satelite materials and coatings at temperatures 
varying from 150° K to 500° K, our model support 
system will be modified to include a cooling -heating 
system so that data at temperatures less than 150° K 
and greater than 500° K can be obtained. 

Solar Cell Optical Properties 

The optical properties of the CdS cell were ob- 
tained at temperatures corresponding to radiant in- 
tensities that varied from 0.028 to 1.02 solar con- 
stants. The time constants (eq. (5)) as determined 
from the measured phase singles and imposed frequen- 
cies are shown in figure 5 as a function of cell tem- 
perature. The time constant increases with decreas- 
ing temper ature (eq. (5)) and the longest time con- 
stant obtained is 143 seconds at a cell temperature 
of 156° K. Two data points obtained with the 1-KW 
tungsten filament bulb as the radiation source are 
also included in figure 5 since the cell time con- 
stant is unaffected by the source spectral distribu- 
tion. Data from the 1-KW bulb should be more accu- 
rate than that obtained with the arc lamp because of 
the absolute stability of the 1 KW lamp. Neverthe- 
less all the time constants are consistent regardless 
of the source used. Data from either the carbon arc 
or the 1 KW bulb can be used to obtain emittance. 
However, unlike the emittance determination, the 1 KW 
bulb data cannot be used in obtaining absorptance 
since its spectral distribution is not comparable to 
that of the sun. 
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The emittance and absorptance data evaluated 
from equations (4) and (5) are presented in figures 
6 and 7 in terms of the heat capacity per unit area 
of the cell. Presentation in this form was neces- 
sary because specific heat data are not available 
for CdS solar cells. However, the plots can be 
utilized to obtain emittance and absorptance when 
specific heat data becomes available as a function 
of temperature. As a point of information, it 
should be noted that the measured cell temperatures 
are slightly higher than would occur when the cell 
was generating power. Calculations indicate that, 
for a cell having an electrical conversion effi- 
ciency of 5 percent, the cell temperature, while 
producing power, may be as much as 6° K lower than 
that presented herein. 

The important optical parameter that estab- 
lishes the cell’s operating temperature is the 
absorptance -emittance ratio. This ratio can readily 
be obtained from the curves presented in figures 6 
and 7. The absorptance -emittance ratio is shown in 
figure 8 for cell temperatures ranging from approx- 
imately 155° to 325° K. The important trend to note 
is the rapid decrease in the absorptance -emittance 
ratio as the temperature is increased. As the tem- 
perature increases from 155° to about 200° K, the 
absorptanee-emittance ratio decreases from 0.70 to 
about 0.43, a decrease of 39 percent. This rapid 
decrease may be due to an increase in emittance 
from 155° K to 185° K. A further increase in tem- 
perature beyond 200° K produces little change; the 
a/e ratio remains approximately constant at a value 
of 0.43 up to 325° K. Comparison of the 300° K ex- 
perimental point presented in reference 7 with the 
preceding data shows good agreement. 

For those interested in the mission aspects of 
the problem, the radiation intensity, cell equilib- 
rium temperature, optical property data, and dis- 
tance from the sun are all interrelated, in the 
ideal case, by the following equation 

, al-, 

(e f + e^aT 4 = ^ ( 10 ) 

where 1-^ is the radiant intensity at 1 AU 

(140 mW/cm 2 ) and r is the distance from the sun in 

astronomical units. 

The experimental absorptanee-emittance ratios 
are plotted as a function of distance from the sun 
(as obtained from eq. (10)) in figure 9. This plot 
indicates that the absorptanee-emittance ratio is 
approximately constant from 0.90 to 3 AU or until an 
orbit approximately midway between Mars and Jupiter 
is reached. From there out into the solar system, 
the absorptanee-emittance ratio apparently increases 
at a substantial rate. 

SUMMARY OF RESULTS 

Simulated space environmental tests were con- 
ducted on five prospective spacecraft metals and a 
current state-of-the-art thin film cadmium sulfide 
solar cell. Optical properties were investigated 
over a wide range of temperatures. The following 
results are considered important. 

In general, over a temperature range of 230° K 
to 520° K, the hemispherical emittance of the metals 
increases with increasing temperature, the solar 
absorptance is approximately constant and the 
absorptanee-emittance ratio decreases with increas- 
ing temperature. 


The absorptanee-emittance ratio of the CdS 
solar cell was found to be approximately constant 
with a value of 0.43 over the temperature range from 
200° to 325° K. Below 200° K, the a/e ratio in- 
creased rapidly to 0.70 at a temperature of 155° K. 
The cause of the rapid increase is believed to be 
the result of an emittance decrease with decreasing 
temperature. 
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Figure 1. - Schematic drawing of experimental setup. 
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Figure 3. 
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X, Y-recorder figure for SS304 at 10 revolutions per hour. 
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Figure 6. - Emittance of CdS solar cell. 


Cell temperature, T m , °K 

Figure 7. - Solar absorptance of CdS solar cell (carbon 
arc source). 



Figure 8. - Absorptance-emittance ratio for CdS solar cell. 
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